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INTRODUCTION
The accelerating pace of technological innovation is making lifelong learning increasingly important as a competency for career success [1] . As we move from a knowledge-based society into a global learning-based society, success will become less about what our graduates know and more about how easily they can identify, retrieve, process, and apply new knowledge [2] . Our role as educators should, in turn, shift away from serving up content, to helping students "learn how to learn" as a primary outcome [3] . Essentially, the knowledge-base constructed at university should shift from an end in and of itself to the end of a beginning, whose primary purpose is to enable and support future learning; more simply, the content "is actually the vehicle for skill development" [4] .
In this paper, I advocate for proactive instruction of metacognition to enable lifelong learning. The paper emerged from discussions at a 3M National Teaching Fellows retreat that I was fortunate to attend in Fall 2017. The paper was motivated by my realisation that knowing how to learn, and how to teach, are becoming increasingly important as graduate competencies for all post-secondary students.
Through this paper I explore links between metacognition, self-directed learning and lifelong learning. I then discuss strategies to operationalise proactive instruction of metacognition along with my own experiences from introducing metacognition as a learning outcome in a core second year chemical engineering course.
LITERATURE REVIEW
Metacognition and lifelong learning are clearly linked [5] . Metacognition can be viewed as "knowledge and cognition about cognitive phenomena" [6] or "knowledge of one's knowledge, processes, and cognitive and affective states; and the ability to consciously and deliberately monitor and regulate one's knowledge, processes, and cognitive and affective states" [7] . This second definition more clearly distinguishes knowledge of cognition and regulation of cognition [8, 9] . Lifelong learning is "an ability to identify and to address their own educational needs in a changing world in ways sufficient to maintain their competence and to allow them to contribute to the advancement of knowledge [10] .
Self-directed learners can "assess the demands of the task, evaluate their own knowledge and skills, plan their approach, monitor their progress, and adjust their strategies as needed" [11] . Self directed learners have a sense of personal agency and develop internalised intrinsic motivation (e.g. mastery) rather than respond to extrinsic goals (e.g. grades or failure). Key to adopting greater intrinsic motivation is developing sences of competence and relatedness, and more importantly, feeling learning autonomy in terms of choice and control [1] . Further self-directed students experience themselves as being central to the learning process rather than perceiving learning as being a process that is done for, or to, them [3] .
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For example, establishing intrinsic vs extrinsic motivation for learning while at university will presumably set the foundation for lifelong learning. Promoting metacognition should in turn support this intrinsic motivation. Conversely, limited metacognition can promote overconfidence in learning. For example, Toftness et. al report that weaker students may overestimate their learning from lectures, and that this disconnect can grow for very smooth or fluent lectures (e.g. glossy PowerPoint lectures) that make knowledge appear easier to learn than it actually is [12] .
Metacognition is not only central to learning, it also underlies critical thinking and hence judgement and decision making [13] .
In engineering, knowledge insecurity can inhibit probing more deeply while overconfidence can cause poor decisions, either of which can lead to tragic mistakes. For example, a study of health care providers notes that the subjective feeling of ease with which judgements are made, a biproduct of metacognition, is associated with the certainly of being correct [13] .
TEACHING METACOGNITION
Strategies to operationalise proactive instruction of metacognition are often related to active learning, experiential learning, problem-based learning, and project-based learning. These instructional approaches all typically include elements of ambiguity and student autonomy. In contrast, the certainty associated with content-delivery based instruction offers fewer opportunities to encourage metacognition. Balancing ambiguity, autonomy and motivation can be tricky and require careful consideration in the use of appropriate scaffolding. Too rigid a problem definition will not require students to learn autonomously, and thus restrict any opportunity for students to become aware of their learning. Too much ambiguity may create too large a learning challenge and cause students to lose motivation and give up. Overall development of self-directed and lifelong learners is a multifaceted and complex process that involves creation of appropriate learning experiences and environments so as to integrate learner identity, beliefs about learning, and motivation [1] .
Metacognition can provide a conceptual foundation to support lifelong and self-directed learning. For students to learn to practice metacognition they need to first be able to conceptualise it and develop a vocabulary to discuss it. Having students self-assess using inventories can provide these ingredients and support in-class discussion. For example, the 52-statement Metacognitive Awareness Inventory characterises metacognition in terms of eight factors, three related to knowledge about cognition (declarative knowledge, procedural knowledge and conditional knowledge) and five related regulation of cognition (planning, information management strategies, comprehension monitoring, debugging strategies, and evaluation) [14] . While the validity of this inventory to map well onto these factors has been criticized [15] , it certainly offers a good starting point for raising awareness so as to engage students in discussion.
Vos proposed "design rules" for active learning in engineering so as to encourage metacognition. His rules include [16] :
 Encouraging students to plan and choose the best way to approach a task;
 Avoid giving students cookbook labs and instead encourage students to propose their own approach;
 Have students evaluate and discuss their approach to problems;
 Encourage students to cooperate in execution but require that they report individually on what they did and learnt.
Tanner created an excellent resource to support the explicit instruction of metacognition based upon the "planning, monitoring and evaluating" framework [17] . Sample prompts are also provided for integrating metacognition into active learning in the classroom, assignments and preparation for tests.
Guided reflection is another important instructional approach that can promote metacognition as described in a companion paper [18] . Course conditions required for effective reflection included cognitive autonomy, CEEA18; Paper 036 University of British Columbia; June 3 -6, 2018 -3 of 5 -effective feedback and work of appropriate challenge [19] .
Intentional teaching of metacognition requires instructors to be aware of their own learning processes. While most instructors have chosen careers in academia because they are inherently lifelong learners, they may still be unaware of their own learning processes. For example, engineering instructors may teach about complex and multifaceted design approaches without applying these same design approaches to their own instruction. As Stubley notes in a companion paper, instructors may encourage student to design based upon understanding the underlying fundamentals, yet not design their own teaching based on a fundamental understanding of learning [20] .
The Metacognitive Awareness Inventory for Teachers provides a useful tool for instructors to reflect on their own development [21] . This in 24-staement inventory characterises an instructor's knowledge about their own teaching (declarative knowledge, procedural knowledge and conditional knowledge) and how they regulation their thinking about teaching (planning, monitoring, debugging and evaluating). Tanner [17] also created a wonderful inventory of reflection questions for instructors to think about and develop greater awareness of their teaching based on the planning, monitoring and evaluating framework:
 What do I think that students already know about this topic?
 How does success in this course relate to my students' career goals?
 What do I want students to still be able to do 5 years later?
 How is my approach to teaching this course different from last time I taught it? Why?
 What evidence do I have that students in my course learned what I think they learned?
APPLICATION IN A CORE COURSE
This year I wove concepts related to metacognition into CHE230, a core second year chemical engineering course on environmental chemistry. This course has an iterative instructional design with many elements of cooperative learning [22] . Central to the course is a teambased design project wherein students create their consulting engineering companies so as to bid against each other on a call for proposals from Wallberg International, a fictitious multinational company. This part of the course is co-interacted by practicing environmental consultants along with instructors from the Engineering Communication Program, who serve as the clients [23] . This year's projects featured air quality in Sarnia's refinery valley, contaminated land around a gold mine in Northern Ontario, and Goggle's intention to convert of a former industrial site in Toronto's portlands into a leading edge sustainable community.
Instruction of CHE230 covers many of the CEAB graduate attributes. However, prior to this year I did not include intentional instruction of metacognition and lifelong learning. I felt that introducing the students to metacognition would be feasible, given that the course's design allows students cognitive freedom in tackling a complex, ill-defined and messy problem requiring novel learning. Students are required to address new material that is introduced with limited scaffolding so as to help them to develop their ability to independently identify and address gaps in their knowledge.
The course already had material available explaining to students the reasons for the course's iterative and cooperative instructional design. In prior years this was only briefly mentioned in the introductory lecture. This year I introduced students to concepts related to learning in the lectures during the first weeks of the course. Metacognition was also discussed before the course started with the teaching assistants and the course coinstructors. Here the environmental consultant coinstructors provided some excellent examples of how essential "knowledge of one's knowledge" was to them in selecting which jobs to bid on.
In lecture, I introduced students to a constructivist approach to learning. Here I used a jigsaw puzzle analogy to constructing knowledge, emphasising the need for them to quickly connect pieces of knowledge they were "handed" in class to their existing knowledge base. I warned the students that the "pieces of knowledge" they were handed might look somewhat different to each of them, based on their individual perceptions, as might be the connections they made. I urged them to work with each other as it would allow them to test their understanding and build richer "pictures" together.
In another lecture, the students were asked to play a game I call "see the world as a chemical engineer". Here students were asked to identify something that had seen in the last few days (e.g. wind in the trees, water in a sink) and relate it to as many chemical engineering concepts as they could. They were then asked to describe what they had seen to a partner from a chemical engineering perspective. The goals of this simple exercise were to help students to:
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After the end of the course, once exams were over, I sent the students an email encouraging them to do a postcourse reflection on what they had learnt. I provided questions to guide this reflection and give them a way to share their thoughts anonymously through the course learning management system.
Completion of this reflection was entirely optional and worth no grades. The guiding questions provided included:
 Where might you someday apply technical concepts from CHE230 beyond this course?
 What did you learn about how you learn through this course?
 How may you change your approach to learning in future courses?
 What can you do during your undergraduate studies will position you to continue to learn throughout your career?
Very few students shared their thoughts through the course website, although many more opened the announcement about the reflection and may have done it on their own. The comments from the few student replies were encouraging. Some students noted that:
 Iteration helped their learning and made studying for exams less stressful;
 Specifying learning outcomes and linking these to applications helped motivate learning;
 Formative feedback from the practicing environmental consultants provided authenticity and credibility, making the learning more real.
 Reflection was a valuable part of learning
The course was designed so that students typically see concepts up to six times (course text, lecture, worked examples, tutorial, quiz, midterm/final exam) with only the last one being high stakes. Hence it was gratifying that the students noted and saw benefits in this iterative instructional design.
Learning outcomes were also specified through the course text as well as in lectures, and the linking of outcomes to graduate attributes and summative assessment was discussed with the students.
SUMMARY
Lifelong learning is becoming an increasingly important competency for career success as an engineer. Metacognition, lifelong and self-directed learning are clearly related and instruction of metacognition can provide a conceptual foundation for the other two.
Instruction of metacognition involves creation of appropriate learning experiences and environments that support open ended learning so as to balance autonomy, ambiguity, and student motivation. Numerous instructional resources such as awareness inventories already exist that can support creation of instructional modules and integration of related learning throughout a course. The preliminary incorporation of metacognition learning into a core course provided promising results, and a more effective instructional strategy will be created for next year. Overall, opportunities exist to integrate metacognition into undergraduate engineering that should yield major benefits to students.
